Abstract-Uncoordinated deployment of HeNBs has been widely considered, in the research community. However, due to economic or physical constraints, a coordinated deployment of HeNBs can also be considered. This work studies a selected examples of HeNB deployment. We consider the deployment of four Enterprise HeNB which serve up to 8 simultaneous users, in a building, with a geometry of 5x5 apartments. From the theoretical study on the average SINR, we have learned that the smaller the apartment areas are the higher the values for the average SINR are. The performance evolution of the system focuses on the values obtained for the average goodput, Packet Loss Ratio (PLR) and delay for the Proportional Fair, Frame Level Scheduler (FLS) and Exponential Rule (EXPRule) schedulers, with users using a video and a best effort flows at the same time. For the video flows the maximum average goodput was obtained with the FLS scheduler, but when the PLR is taken into account the EXPRule present a slight advantage. In the case of the BE flows, the EXPRule present the best performance. But the main lesson learned is that it is possible to operate a coordinated HeNB deployments without setting the transmitter power of the HeNBs to the maximum value, which can be a step to achieve a greener system.
I. INTRODUCTION
Traditionally a new node in a cellular network, usually an eNB, is appropriately characterized, and usually tested before is it available on the market. Nowadays, the trend for 4G systems is to have smaller and more irregular cell sizes, as 4G small cells can be deployed in any place by anyone. This possibility of deploying small cells with irregular sizes originates totally random coverage shapes [1] . This small cell nodes, technically known as HeNBs, are defined in [1] as small, inexpensive, low-power base stations that are generally consumer deployed. Although the meaning of HeNB is Home eNodeB, this nodes could be deployed in places like offices, shopping centres, industrial environments (in these cases HeNBs can be known by Enterprise HeNBs) or places where the coverage of eNBs layer are weak or even non-existent [2] , [3] . In this work a maximum capacity of 8 users per HeNB is considered, as suggested in [2] . The HeNBs are not deployed in a random way or even in a totally co-ordinate way. The HeNBs have been deployed as far as possible of the external walls but sufficiently far from each other and in middle of its own apartment. This type of implementation may be due to economic or physical constraints. According to [4] , Internet video streaming and downloads are beginning to take a larger share of bandwidth, and will grow to more than 81% of all consumer Internet traffic by 2021. This work studies the adoption of only four HeNBs to cover the whole building area while serving 8 users each one. The impact of video and best effort (BE) applications on the heterogeneous mobile network, it is worthwhile to study the behaviour of LTE operating the adoption of different schedulers. The main objectives are to verify the analytical behaviour of the system and evaluate the performance of three different packet schedulers. Differently from the works presented in the literature [5] , [6] , where a new scheduling algorithm was developed and a new bandwidth aggregation scheme was implemented in order to minimize the energy consumption, this work aims at verifying if it is possible to consider the reduction of the transmitter power of the HeNBs without compromising the overall system performance, with the existing tools.
The comparison of the results is performed for different areas and different values of the transmitter power of HeNBs. The goal is to obtain values for the average goodput, packet loss ratio (PLR) and delay as a measure of the network performance. This work also intends to optimise the range of values for the transmitter power while adopting different configurations in the studied scenario.
The remainder of the paper is organised as follows. In Sec. II a theoretical study of the average SINR is made. Sec. III presents the performance evaluation of small cells, as well as the network scenario and physical setting. Also results for different schedulers are presented. Finally, conclusions are drawn in Sec. IV.
II. AVERAGE SINR STUDY
In this work we consider a single floor building with 25 apartments. The apartments are placed next to each other in a topology of a 5x5 apartments grid model. The considered topology is shown in Fig. 1 . HeNBs operate with 10 MHz bandwidth and frequency reuse two, [7] , [8] , i.e., 20 MHz of total available bandwidth is divided into two equal parts of 10 MHz, HeNBs are represented with an hexagonal shape, two with 10 MHz bandwidth, presented with white fill, and the other two using the remaining 10 MHz, represented with lightgrey fill. The four HeNB are placed as shown in Fig. 1 .
Each HeNB covers an area represented by the dotted line, meaning that each HeNB serves 1/4 of the total area of the floor, as shown in Fig. 1 . Users are located inside one of such four areas served by the HeNB. When the user is served by a HeNB using a given frequency bandwidth, it will suffer interference from the co-channel HeNB. Since reuse pattern two is considered, there will be only one interfering HeNB for each user.
In general, the average Signal to Interference plus Noise Ratio (SINR) at a User Equipment (UE), placed in a position (x,y), as shown in Fig. 1 , served by a cell with transmitter power P T x , can be expressed as follows:
whereP ow is the average received power from the own cell, α is the orthogonality factor of the codes [9] . For the sake of simplicity and according to [10] α is considered to be equal to one, andP nh is the average interference power from the neighbour cells. P noise is the thermal noise power and is defined as:
where N F is typically 7-9 dB for LTE, and BW =10 MHz. The average interference generated by a neighbour cell can be calculated by integrating each fraction of the interfering power over the area of the affected cell. Fig. 1 shows one cell affected by interference in the origin of the coordinates and one interfering cell, at (x 0 , y 0 ). By integrating over the cell area, the average level of the received power from a neighbour cell,Ī, may be calculated as:
where G T x and G Rx are the transmitter and receiver gains, respectively. For the HeNBs the Winner II Path Loss Model has been considered, [11] , for an indoor office, and stands as follows:
where d is the distance between the transmitter and the receiver, f c is the system frequency, in GHz, the fitting parameter A includes the path loss exponent. Parameter B is the intercept, parameter C describes the path loss frequency dependence, and X is environment-specific term (e.g., wall attenuation in the NLoS scenario), [11] . The distance d is determined by:
where x 0 and y 0 are the coordinates of the interfering cell and x and y are the coordinates of the UE or Mobile Station, as shown in Fig. 1 , and f c , in our case is 2 GHz. For Line of Sight (LoS), A=18.7, B=46.8, and C=20. In the case of Non Line-of-Sight (NLoS) A=20, B = 46.4 and C=20. The environment specific term X is the sum of the attenuation of the walls between the UE and the HeNB. In the case of internal walls, the attenuation is equal to 5 dB. In the zone defined by rectangles 1, 2, 6 and 9, and squares 3, 4, 5, 7 and 8, the interference depends on the distance to (x 0 , y 0 ) and the number of walls between the UE and the HeNB placed in (x 0 , y 0 ), as shown in Fig. 1 . In order to compute the receiving interference, by considering (3) and (6), the Path Loss in each one of the squares/rectangles can be expressed as follows:
+ 46.4 + 20 * log 10 ( 2 5 ) + 6 * 5 (6) The integration limits for the rectangles/squares 1-9 are the ones presented in Tab. I.
The average SINR is calculated for transmitter powers varying from -10 to 20 dBm, and apartment sizes between 5 and 20 m. Results for the average SINR are presented in Fig. 2 . The study of the average SINR shows that the smaller the apartment areas are the higher values for the average SINR are. For transmitter powers between 0 and 20 dBm, the average SINR is constant for the same apartment side. Only for transmitter powers between -10 and 0 dBm and apartment side longer than 8 m 1 the average SINR decays faster. For apartment sides lower than 8 m, the average SINR is constant for any value of the transmitter power between -10 dBm and 20 dBm. The lowest value for the average SINR is obtained for a transmitter power of -10 dBm and apartment side of 20 m.
III. PERFORMANCE EVALUATION OF SMALL CELLS A. System Settings
To analyse the overall performance of the system, three schedulers available in LTE-Sim, in its stable release R5, are considered for the downlink (DL), [12] , as follows: Proportional Fair (PF) [7] , [13] , Frame Level Scheduler (FLS) [14] , [15] and Exponential Rule (EXPRule) [16] , [17] .
In order to address the behaviour of the heterogeneous network considering a real deployment scenario, a macro cell with 1 km radius was added to the the simulation scenario. The building is created in such area with a radius of 80% of the macro cell radius, the geometry of the building is the same as in section II. This constraint ensures that any building is not placed over the cell edge. There are four HeNB in a pre-determined apartment [18] , [19] . This geometry represents actual deployment scenarios, like offices and shopping centres. Each cell serves 8 users. In HeNBs, transmitter power varies from -10 dBm to 20 dBm, in steps of 5 dBm, and all cells simultaneously operate at the same power. The sides of the apartments vary from 5 to 20 m, in steps of 5 m.
For each scheduler and for each combination of the values of HeNB transmitter power and sides of the apartments, fifty simulations have been performed. In each simulation, the position of the building is randomly chosen considering a Mersenne Twister pseudo-random generator along the cell topology (eNB coverage zone). The determination of the position of the users also considers a Mersenne Twister pseudo-random generator but only along the coverage area of the HeNB that includes rectangles/squares 1-9 (marked with a dotted line in Fig. 1) . A HeNB only serves the users inside the served area. The goal of accounting for different positions of UEs is to acquire the general behaviour that integrates the contribution of the effect of having the building and consequently the HeNBs and the served users at different cell distances from the HeNBs topology. Additional details for the simulation parameters are presented in Tab. II. Two applications are simultaneously used. One is the video application, a video trace that is compressed using the H.264 standard compression at the average coding rate of 440 kb/s. More details are given in [19] . The adoption of this video application accounts for the trend of users to watch high quality videos. The other application is best effort (BE). These BE flows are modelled through infinite buffer sources which model an ideal source where there are always packets to be sent. We evaluate the network performance by considering these video and BE flows [19] .
In the simulations, we assume that the eNB 20 MHz bandwidth is split into two equal parts to be made available to the HeNBS, each portion with 10 MHz bandwidth. The four HeNB are placed as shown in Fig. 1 . The network performance has been evaluated with reference to the goodput achieved by BE flows and the goodput, packet loss ratio (PLR) and delay of video. Fig. 4 . Variation of the average goodput of BE flows, with PF scheduler and for different values of transmitter power and apartment side. The fitting was made using a polynomial surface with 95% confidence interval.
B. Results with PF
The average packet loss ratio for video flows, shown in Fig. 5 , presents values that go beyond the maximum of 2% indicated by the 3GPP. However, it is possible to obtain results for the PLR lower than or closer to 2%, namely when the apartment side is 5 m For transmitter power of 5 dBm and apartment side of 5 m, the PLR is 2%. For larger apartment sides the PLR is higher than 2%. With any of the considered schedulers, the 3GPP limit of 150 ms for the maximum delay has not been overcame.
C. Results with FLS
Comparing the average goodput of video flows with the use of the FLS scheduler, as shown in Fig. 6 , with the previous case (PF scheduler), shown in Fig. 3 , with the FLS scheduler, the average goodupt increases, although both schedulers have identical behaviour . Fig. 6 . Variation of the average goodput of video flows, with FLS scheduler for different values of transmitter power and apartment side. The fitting was made using a polynomial surface with 95% confidence interval.
When the transmitter power is 20 dBm and the apartment side is 20 m, the average goodput clearly increases by a value near 0.45 Mb/s, from 6.83 Mb/s to 7.27 Mb/s. Even in the worst case, for a transmitter power of -10 dBm and apartment side of 20 m, the average goodput increases more than 1.2 Mb/s, from 5.47 Mb/s to 6.73 Mb/s. Since video takes advantage form the FLS scheduler, the BE application is penalized. The average goodput for the BE application, as shown in Fig. 7, is Fig. 7 . Variation of the average goodput of BE flows, with FLS scheduler and for different values of transmitter power and apartment side. The fitting was made using a polynomial surface with 95% confidence interval. also brings advantages in the results obtained for the PLR for the video application, as shown in Fig. 8 . By comparing Fig. 8 . Variation of the average packet loss ratio of video flows, with FLS scheduler and for different values of transmitter power and apartment side. The fitting was made using a polynomial surface with 95% confidence interval.
these results with the values obtained for the PF scheduler, as shown in Fig. 5 , the average PLR with the FLS decays, and it is possible to keep the PLR lower than 2% for more combinations of the transmitter power and apartment side. Even the worst values obtained decay from a maximum of 23.4% to a maximum of 7.6%. Both values were obtained for the same transmitter power of -10 dBm and apartment side of 20 m.
D. Results with EXPRule
Contrary to the previous cases, Fig. 3 and Fig. 6 , the behaviour of the average goodput of video flows with the use of the EXPRule scheduler is more irregular, as shown in Fig.  9 , and has a clear local maximum.
The maximum average values of the goodput for the video application occurs for transmitter powers between 10 and Fig. 9 . Variation of the average goodput of video flows, with EXPRule scheduler for different values of transmitter power and apartment side. The fitting was made using a polynomial surface with 95% confidence interval.
15 dBm. By considering a constant transmitter power, the variation of the size of the apartment does not impact the average goodput. Although the maximum average goodput is identical in the three schedulers, the EXPRule scheduler present the worst average goodput for the video application.
Since the video flows were impaired by the use of the BE flows, the average goodput for the BE flows increases, as shown in Fig 10 . Fig. 10 . Variation of the average goodput of BE flows, with EXPRule scheduler and for different values of transmitter power and apartment side. The fitting was made using a polynomial surface with 95% confidence interval.
As an example, the average goodput with the EXPRule scheduler is 6 Mb/s higher than the average goodput for BE flows, as shown in Fig. 7 . Although the EXPRule scheduler is not itself the best choice in terms of goodput, the average PLR for video flows, for values of transmitter power equal or higher than 0 dBm, is in most of the cases lower than 2%, as shown in Fig 11. In fact, the maximum PLR is the lowest from the three studied schedulers, with a value of 6.4%.
IV. CONCLUSIONS
Seeking the reduction of energy consumption is one of the main priorities in future telecommunications systems. In this Fig. 11 . Variation of the average packet loss ratio of video flows, with EXPRule scheduler and for different values of transmitter power and apartment side. The fitting was made using a polynomial surface with 95% confidence interval.
work the analytical behaviour of the system is investigated with a study of the average SINR and the performance of the PF, FLS and EXPRule schedulers. The approach considered only four HeNBs (also know as Enterprise HeNBs), each of them serving 8 users.
The study of the average SINR has shown that, for values of the transmitter power between 0 and 20 dBm, the average SINR did not vary for the same apartment side. The average SINR study has shown that the smaller the radius is, the higher the average SINR values are achievable. For values of the transmitter power between -10 and 0 dBm the average SINR decays faster, specially for apartment sides longer than 8 m.
Performance evaluation considered LTE-Sim. The PF and FLS schedulers perform in a very identical way in terms of average goodput, with a slight advantage for the FLS. However, in terms of the average PLR, the FLS presents better performance, since it achieves values lower than 2% more often. This performance enhancement occurs when the transmitter power is between 10 and 20 dBm for all the apartment sides. In this comparison between the PF scheduler and the FLS, the PF scheduler also presents better results for the average goodput for BE flows. This two schedulers confirm the expected results for average SINR that were analytically derived.
Contrary to the PF scheduler and FLS, the best performance of EXPRule scheduler was obtained for transmitter powers between 10 and 15 dBm. It is important to note that the values of average goodput for video flows are identical for a transmitter power of either 20 dBm or 0 dBm. For the average PLR, values lower than 2% were achieved for transmitter power lower than 15 dBm when the apartment side is 20 m. But when the apartment side is 5 m, values of average PLR lower than 2% were obtained for values of the transmitter power higher than 5 dBm. With EXPRule scheduler, the variation of the average goodput of BE flows, shows a behaviour approximated to the one from other studied schedulers.
It is important to highlight that is possible to operate the system without the need to set the HeNBs transmitter power to the maximum value without compromising the overall system performance. If the transmitter power is set to lower values this can be a step to achieve greener mobile communication systems.
